Background and objectives CKD is common among older patients. This article assesses long-term renal and cardiovascular outcomes in older high-risk hypertensive patients, stratified by baseline estimated GFR (eGFR), and long-term outcome efficacy of 5-year first-step treatment with amlodipine or lisinopril, each compared with chlorthalidone.
Introduction
CKD is an important manifestation of target organ damage from hypertension (1) . Substantial morbidity, mortality, and health care costs are associated with CKD due to progression to ESRD and increased risk for cardiovascular disease (CVD) in this population (2) . Hypertension treatment is important in preventing CKD progression (3) . In patients with proteinuric CKD (proteinuria usually $300 mg/d), inhibition of the renin-angiotensin system (RAS) axis is superior to conventional antihypertensive drug therapy in slowing renal function decline (4) . However, long-term ESRD outcome data are limited and, importantly, no compelling data show that one class of antihypertensive agents is superior in reducing CKD-associated cardiovascular risks (5, 6) . Although CKD prevalence is high in older populations, uncertainty remains about whether this reflects aging-related estimated GFR (eGFR) decline or confers increased mortality risk. Given the aging population, understanding the longterm outcomes associated with moderate eGFR reductions in older patients is critical.
The Antihypertensive and Lipid-Lowering Treatment to Prevent Heart Attack Trial (ALLHAT), a randomized, double-blind, multicenter clinical trial, compared the incidence of major coronary heart disease (CHD) events in high-risk hypertensive patients treated with a calcium channel blocker, an angiotensin converting enzyme (ACE) inhibitor, or an a-blocker, each compared with diuretic treatment as first-step therapy (7) . Newer antihypertensive drug therapies were not superior to diuretic-based therapy in preventing ESRD or CVD, (although less effective in preventing heart failure [HF] in the population as a whole, or when stratified by baseline eGFR) (8, 9) . However, eGFR was higher at trial completion in participants assigned to amlodipine compared with those assigned to chlorthalidone (8) . Whether this represented a hemodynamic effect of amlodipine resulting in a higher eGFR or represented a true renoprotective effect of amlodipine is not known (10) .
The extended follow-up of ALLHAT participants presents two important opportunities. First is ascertaining longterm renal and cardiovascular outcomes in older high-risk hypertensive patients stratified by baseline eGFR. Second is efficacy of first-step 5-year treatment with amlodipine or lisinopril, each compared with chlorthalidone, in modifying long-term renal disease and CVD outcomes. We hypothesized that long-term renal and cardiovascular outcomes would be higher in participants with CKD, and that firststep 5-year treatment with amlodipine or lisinopril was not superior to chlorthalidone in modifying long-term renal disease and CVD outcomes.
Materials and Methods

Design Overview
The design, baseline characteristics, and main results of the clinical trial phase of ALLHAT were previously published (7, 11, 12) . After the closeout of the trial in 2002, there was no further contact of trial participants. Passive post-trial mortality and morbidity surveillance used administrative databases to assess long-term effects of in-trial antihypertensive treatment on trial endpoints. Databases from the National Death Index (NDI), Social Security Administration (SSA), Center for Medicare and Medicaid Services (CMS), and the US Renal Data System (USRDS) were searched for post-trial events occurring from 2002 to 2006. All centers obtained institutional review board approval and all participants gave written informed consent. The University of Texas Health Science Center Institutional Review Board approved this extended follow-up study (ClinicalTrials.gov identifier: NCT00000542).
Setting and Participants
Participants were men and women aged $55 years with hypertension and at least one additional CHD risk factor (11) . Exclusion criteria included history of symptomatic HF, known left ventricular ejection fraction ,0.35, or a serum creatinine level .176.8 mmol/L (.2 mg/dl) as reported by the investigator. At 623 sites in the United States, Canada, Puerto Rico, and the US Virgin Islands, 33,357 participants were recruited between February 1994 and January 1998. Canadian sites, representing 553 participants did not participate in the post-trial phase. Morbidity data were not available for Department of Veterans Affairs (VA) participants (n=5403) and non-Medicare participants (n=5363).
Randomization and Interventions
Participants were randomly assigned in a double-blind manner and in a 1.7:1:1 ratio to chlorthalidone, amlodipine, or lisinopril. A fourth arm of the study using the a-blocker doxazosin was stopped early (13) ; because of a much shorter duration of active treatment and follow-up in the doxazosin arm, these results will be reported separately. Goal BP in each randomly assigned group was ,140/90 mmHg. After initial titration, participants had follow-up visits every 3 months during year 1 and every 4 months thereafter, until trial closeout.
Data on antihypertensive treatments, BP level, and outpatient morbidity were obtained at each follow-up visit during the trial. Baseline laboratory test results for glucose, lipids, creatinine, and potassium values were obtained after an overnight fast and were analyzed at a central laboratory. Laboratory, BP, and antihypertensive medication data are not available for the post-trial period.
The simplified Modification of Diet in Renal Disease (MDRD) equation was used to estimate eGFR (ml/min per 1.73 m 2 ) (14) . Participants were classified into three baseline eGFR categories: normal or increased ($90), mild reduction (60-89), and moderate or severe reduction (,60). In addition, the Chronic Kidney Disease Epidemiology Collaboration (CKD-EPI) equation was also used to obtain the eGFR, using the same three baseline eGFR categories (15, 16) . Participants were classified as having diabetes mellitus (DM) or not according to baseline history of diabetes or fasting glucose $126 mg/dl (or in its absence, a nonfasting glucose $200 mg/dl).
Outcomes and Follow-Up
Cardiovascular mortality (death due to CHD, stroke, HF, or other CVD) was designated a priori as the primary endpoint for extended follow-up. Total mortality and its components, including CHD death, were prespecified as secondary outcomes. In addition, the following fatal/nonfatal outcomes were prespecified as secondary endpoints: CVD (CVD death or hospitalized nonfatal myocardial infarction, stroke, or HF), CHD (CHD death or hospitalized nonfatal myocardial infarction), stroke (fatal or nonfatal hospitalized), HF (fatal or nonfatal hospitalized), and ESRD.
In-trial deaths were determined by investigators and confirmed by death certificates; cause of death was determined by the respective investigators. When cause of death was reported as unknown, the NDI Plus Coded Causes of Death (NDIPlus) database was used. Post-trial all-cause mortality was ascertained through searches of the NDI and SSA databases, using Social Security number, name, birth date, and sex (NDI only) as matching criteria. Cause of death was ascertained from the NDIPlus database.
Deaths identified through NDI or SSA were verified at the ALLHAT Clinical Trials Center after receipt of a death certificate from the state or other jurisdiction. Death certificates could not be obtained for 3% of the decedents; these deaths were included in analyses because the matching algorithm is known to be highly accurate. Causes of death for deaths occurring before 1999 were provided under the ninth revision of the International Classification of Diseases (ICD); after 1998, the World Health Organization's two-way translator for the ninth and tenth revisions was used to convert ICD-10 codes to ICD-9 (17) . Causes of death from NDIPlus were collapsed into categories used in these analyses.
During the in-trial period, nonfatal events were ascertained by the investigator and confirmed by the ALLHAT Clinical Trials Center on the basis of the discharge summaries. During the post-trial period, nonfatal CVD events were ascertained through CMS database searches and classified using the provided ICD-9 codes. In addition, for analysis herein, ESRD was defined as kidney transplantation or start of long-term renal dialysis, and was ascertained from the USRDS for both in-trial and post-trial; the USRDS system had not been previously used to determine in-trial renal endpoints.
Statistical Analyses
Contingency tables and z tests were used to compare characteristics of participants assigned to amlodipine or lisinopril versus chlorthalidone. Cumulative 10-year event rates were estimated using the Kaplan-Meier productlimit method. Evaluations of effect of assigned treatment on risk for study outcomes during follow-up were performed using Cox regression with only treatment assignment as a covariate. The extended follow-up period includes both the randomized trial (mean duration of followup, 4.9 years for amlodipine, lisinopril, and chlorthalidone) and subsequent follow-up during the extension period (4 years for amlodipine, lisinopril, and chlorthalidone). Tests for interactions were conducted to determine whether effects of the treatment on ESRD differed between eGFR and diabetes status subgroups. Adjusted Kaplan-Meier 10-year ESRD rates and hazard ratios (HRs) were estimated, adjusting for age, race, sex, baseline diabetes status, baseline systolic BP, and CVD before trial entry. Time-dependent Cox regression was used to estimate HRs associated with treatment assignment separately for in-trial and post-trial follow-up periods. Given the many multivariate, subgroup, and interaction analyses performed, statistical significance at the 0.05 level should be interpreted with caution. A multiplecomparisons procedure was used to account for the multiple analyses (18) .
For purposes of power calculations, the estimated 10-year event rates for CVD mortality, total mortality, CHD, stroke, HF, CVD, and ESRD in the chlorthalidone group were calculated using a Weibull survival model of the observed results in the original study projected out to 10 years. Statistical power for each analysis was obtained using these rates and sample sizes within various treatment groups and subgroups of ALLHAT. For the primary outcome, for example, using a type 1 error rate of 0.017, the study had 90% power to detect an 11.0% risk reduction (HR, 0.89) for each group compared with chlorthalidone (10-year CVD mortality rate of 16%).
Results
A total of 31,350 participants (94% of 33,357 randomized) were available for mortality and ESRD analyses (Figure 1 ), excluding Canadian-site participants (absent from US databases) and those missing a baseline eGFR. For combined morbidity and mortality, 20,584 participants were available for analyses, excluding 5403 participants from VA medical centers (due to lack of post-trial hospitalization data for administrative reasons) and 5363 non-Medicare participants (because they could not be included in searches for nonfatal events reported to national databases). The average and maximum follow-up periods were 8.8 and 12.0 years, respectively. Participant characteristics at baseline and year 4 of the trial are presented in Table 1 , stratified by eGFR and treatment group. Overall, the mean age at baseline was 67 years; 47% were women, 36% were black, and 43% had DM. Normal baseline eGFR values ($90 ml/min per 1.73 m 2 ) were seen in 26% (n=8027) of participants; 57% (n=17,778) had mild reduction in eGFR (60-89), and 18% (n=5545) had moderate to severe reduction in eGFR (,60). Within eGFR strata, distributions of baseline characteristics were similar in the three treatment groups. Likewise, baseline distributions for all trial participants were nearly identical to those included in the post-trial analyses (data not shown). Participants with reduced eGFR were older and less likely to have DM than those with normal or high eGFR (19) . There were 1-to 2-mmHg differences in year 4 BP among the randomized groups in the normal and mild reduction eGFR subgroups. Year 4 mean eGFR was higher in amlodipine compared with chlorthalidone in all subgroups, and higher in lisinopril compared with chlorthalidone only in the subgroup with normal eGFR.
The total number of deaths and ESRD events in each randomized treatment group, during and after the trial, are summarized in Figure 2 . Mortality rates were much higher in participants with reduced eGFR compared with those with normal or mildly reduced eGFR (Table 2 and Figure 3 ). Overall, those with reduced eGFR had a mortality rate nearly twice that of participants in the normal to mildly reduced eGFR range (HR, 1.94; 95% confidence interval [95% CI], 1.86-2.03; P,0.001), and after adjustment for age, race, sex, baseline diabetes status, baseline systolic BP, and CVD before trial entry, they were still 1.5 times as likely to die (HR, 1.54; 95% CI, 1.47-1.61; P,0.001) (Figure 3 ). Similarly, rates for all CVD forms studied (CHD, CVD, stroke, and HF) were 1.5-to 2-fold higher in participants with reduced eGFR compared with participants in the normal or high eGFR range (Table 2) .
There were no significant differences between the amlodipine and chlorthalidone groups in total, cardiovascular ( Figure 4 ) and noncardiovascular mortality, CHD, CVD, or stroke by baseline eGFR level and in participants with diabetes (Tables 2 and 3 ). However, amlodipine was less effective than chlorthalidone in preventing HF, overall (HR, 1.12; 95% CI, 1.02-1.22; P=0.02) and in participants with diabetes. There were no significant differences in ESRD incidence between the amlodipine and chlorthalidone groups by baseline eGFR level (Table 4 and Figure 5 ). This was consistent when stratified by baseline diabetes status.
There were also no significant differences between the lisinopril and chlorthalidone groups in total, cardiovascular and noncardiovascular mortality, CHD, CVD, stroke, HF, or ESRD incidence by baseline eGFR level (Tables 2-4 and Figures 4 and 5) . This was consistent when stratified by baseline diabetes status.
Time-dependent Cox regression analyses were done to assess for differences between the in-trial and post-trial time periods; among participants with eGFR,60, no statistically significant differences were observed by time period between amlodipine and chlorthalidone, or lisinopril and chlorthalidone for all of the above outcomes (Table 5) . Cox proportional hazards modeling used to test for two-way (drug treatment by eGFR) and three-way (drug treatment by eGFR and diabetes) interactions for the ESRD outcomes showed no statistically significant interactions (data not presented).
We performed 202 statistical comparisons and interaction tests, including the 56 each shown in Tables 2 and 3 (7 outcomes 3 4 categories [overall + 3 subgroups] 3 2 treatment outcomes), 24 shown in Table 4 , and the 48 shown in Table 5 , as well as 16 interaction tests for treatment by eGFR and treatment by eGFR by diabetes status and the 2 overall comparisons of reduced eGFR with higher eGFR levels (adjusted and unadjusted HRs). Our results showed that there were only four HRs that differed significantly from 1.0 using a nominal P value of 0.05. Using the Bonferroni step-down Holm's procedure, only the adjusted and unadjusted comparisons of total mortality by eGFR level were significant by a strict multiple-comparisons criterion. All analyses were repeated using the CKD-EPI equation to estimate the GFR (Supplemental Tables 1-5 and Supplemental Figure 1) . The results were qualitatively unchanged.
Discussion
The long-term follow-up of ALLHAT demonstrates that CKD is associated with a significantly higher risk of mortality in older hypertensive patients. In each stratum by baseline eGFR, 5-year treatment with amlodipine or lisinopril is not superior to chlorthalidone-based antihypertensive drug therapy in preventing cardiovascular events, mortality, or ESRD over a 9-year follow-up period.
Our findings illustrate that older patients with CKD are at very high risk for cardiovascular events and mortality. Although participants in the reduced eGFR strata were older, and adjustment for age and other relevant risk factors attenuated the risk, even after adjustment participants with reduced eGFR were still 50% more likely to die than those with higher levels of eGFR. In older patient populations, it has been debated whether CKD, as currently defined, confers increased risk for long-term morbidity and mortality or simply reflects decreased muscle mass and loss of eGFR with aging (20, 21) . Our data strongly support the concept that CKD predicts higher cardiovascular risk and mortality in older hypertensive patients. In the long term, older patients with reduced eGFR are much more likely to develop CVD than to progress to ESRD. Therefore, it is important to evaluate the effects of antihypertensive drugs on cardiovascular outcomes in patients with CKD. Few studies have addressed this issue, and most of these are post hoc analyses of large clinical trials.
The composite of morbidity and mortality from cardiovascular causes was similar between the ACE/angiotensin receptor blocker (ARB) and comparator groups in the Reduction of Endpoints in NIDDM with the Angiotensin II Antagonist Losartan study, the Irbesartan in Diabetic Nephropathy Trial, and the African American Study of Kidney Disease and Hypertension (AASK) (5,6,22 ). In some studies, ACE inhibitor-based treatment has been associated with reduced risk of major vascular events among patients with CKD, although the effect of BP differences between the groups is unclear (23, 24) . Other studies indicate that, independently of the BP-lowering effect, no antihypertensive drug class has significant advantages over others in preventing stroke in CKD patients (25) . Our findings demonstrate no difference in risk of cardiovascular events and mortality between chlorthalidone and lisinopril or amlodipine groups when stratified by baseline eGFR. Amlodipine was less effective than chlorthalidone in preventing HF; this effect was consistent in eGFR subgroups. This is particularly important in the setting of CKD in which HF is common and is associated with substantial morbidity and mortality (26) . With regard to effects on ESRD, long-term post-trial follow-up of clinical trial participants can provide important information. The MDRD (27) and AASK studies (28) showed no differences in outcomes between the usual and low BP arms at trial conclusion. However, extended follow-up in both studies indicated that randomization to the lower BP goal was beneficial in patients with proteinuria at baseline (29, 30) . At the conclusion of the ALLHAT clinical trial, neither amlodipine nor lisinopril was superior to chlorthalidone in preventing ESRD (8) . We now extend these findings to report that 5-year treatment with amlodipine or lisinopril was not associated with lower ESRD outcomes over a 9-year follow-up period. This is important because most studies of comparative effects of antihypertensive drug therapy on ESRD outcomes have had follow-up periods of ,5 years (22,28). Therefore, this study represents one of the longest durations of follow-up for ascertainment of ESRD outcomes in the context of a hypertension clinical trial. Participants assigned to amlodipine had a higher eGFR at the end of the clinical trial phase compared with chlorthalidone (7). We now demonstrate that this did not translate into lower ESRD incidence. We hypothesize that, early in the course of therapy with amlodipine, eGFR is often higher due to its effects on renal microcirculation resulting from afferent vasodilatation (31) . Over time, as seen in the AASK study, this may not necessarily result in improved clinical renal outcomes (32) .
RAS axis inhibition with ACE inhibitors or ARBs has been shown to improve renal outcomes in patients with diabetic and nondiabetic proteinuric CKD. This forms the basis for most guideline recommendations for use of an ACE inhibitor or an ARB as the preferred agent in hypertensive patients with CKD (33).The ALLHAT clinical trial (8) and now extended follow-up results do not show that lisinopril is superior to chlorthalidone in preventing ESRD. As discussed previously (8) , several factors need to be considered in interpreting the renal outcomes comparison between lisinopril and chlorthalidone in this study. First, most renal studies used ACE inhibitors in combination with diuretic therapy; ALLHAT is different in comparing ACE inhibitors directly with diuretic therapy with little cross-over. Second, patients who had a specific indication for ACE inhibition and could not be withdrawn from their antihypertensive therapy before enrollment could not be enrolled into the study. As a result, patients with high-grade proteinuria and diabetic nephropathy who were already taking ACE inhibitors may have been excluded. Third, unlike renal outcomes studies that involve patients at high risk of renal disease progression, ALLHAT participants were older than those in most CKD trials and selected for their high CVD risk. Thus, 
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The mortality cohort included 31,350 participants whereas the morbidity and mortality cohort included 20,584 participants. HF indicates those participants with heart failure who were hospitalized or had a fatal event; CVD indicates CVD mortality or first hospitalized nonfatal CVD event such as MI, stroke, or HF; and ESRD indicates start of dialysis or renal transplant. CVD mortality includes death due to CHD, stroke, HF, or other CVD. There were 10,849 deaths: 4761 due to CVD, 5668 due to non-CVD causes, and 420 unknown causes. CVD, cardiovascular disease; eGFR, estimated GFR; C, chlorthalidone; A, amlodipine; L, lisinopril; HR, hazard ratio; 95% CI, 95% confidence interval; CHD, coronary heart disease; HF, heart failure.
participants at high risk of adverse renal outcomes may have had a CVD event or could have died from a competing cause before experiencing a renal event. Finally, proteinuria data were not obtained in ALLHAT participants.
Proteinuria is an important marker of CKD and a predictor of decline in renal function and response to therapy, especially level of BP control (34) . If the proportion of participants with minimal or modest proteinuria was high in The Modified Diet in Renal Disease equation was used to estimate baseline GFR. The mortality cohort included 12,455 participants whereas the morbidity and mortality cohort included 8229 participants. HF indicates those participants with heart failure who were hospitalized or had a fatal event; CVD indicates CVD mortality or first hospitalized nonfatal CVD event such as MI, stroke, or HF; and ESRD indicates start of dialysis or renal transplant. CVD mortality includes death due to CHD, stroke, HF, or other CVD. There were 4891 deaths, 2172 due to CVD, 2524 due to non-CVD causes, and 195 unknown causes. CVD, cardiovascular disease; eGFR, estimated GFR; C, chlorthalidone; A, amlodipine; L, lisinopril; HR, hazard ratio; 95% CI, 95% confidence interval; CHD, coronary heart disease; HF, heart failure. were excluded from diabetic status subgroups ALLHAT, as is typical of patients who have atherosclerotic or ischemic nephropathy, the selective benefits of ACE inhibitor treatment would likely be diminished. However, because ALLHAT did not specifically study patients with diabetic nephropathy and proteinuria, these findings do not refute current recommendations for treatment of these patients. These findings have important implications for practice and future research. Given the efficacy of diuretics in preventing cardiovascular and renal outcomes in this population, we agree with recent recommendations that diuretics are an important component of antihypertensive drug regimens in CKD (35) . For all CKD subtypes, the hypertension guidelines from the National Kidney Foundation Kidney Disease Outcomes Quality Initiative (36) recommend diuretics along with RAS axis inhibitors to lower BP and reduce risk for CVD. Our findings support this approach and allay concerns about long-term consequences of renal injury induced by thiazide diuretics in animal models (37) . Finally, the high cardiovascular event rate associated with CKD in our study underscores the need for research into novel preventive and treatment strategies for CVD in CKD (38) .
The large sample of participants with and without CKD, the high number of cardiovascular and ESRD events, and the long duration of follow-up make ALLHAT a valuable cohort of hypertensive patients. This report extends previous reports on the CKD subgroup in the ALLHAT study. The mean duration of follow-up in the clinical trial phase was 4.9 years; the current analyses extends this to 8.8 years. Antihypertensive drug therapy was not prescribed or managed by the study in the post-trial phase; ascertainment of posttrial events was through databases rather than active adjudication in the clinical trial phase. The consistency of the extended results despite these differences thus reinforces the important conclusions about the association of CKD with very high cardiovascular outcomes over a long time period and effects of antihypertensive drug therapy on cardiovascular and renal outcomes.
Post-trial information about BP levels and antihypertensive medication use was not available, and we are unable to evaluate the influence of proteinuria on long-term outcomes and choice of antihypertensive drug therapy. The lack of long-term morbidity data on some participants (VA, Canadian, and non-Medicare) is a limitation; however, these subgroups did not differ in any consistent manner from other ALLHAT participants.
In summary, the long-term follow-up of the ALLHAT study demonstrates that CKD is associated with a significantly higher long-term risk of cardiovascular events and mortality in older hypertensive patients. In addition, when stratified by baseline eGFR, 5-year treatment with amlodipine or lisinopril is not superior to chlorthalidone-based antihypertensive drug therapy in preventing cardiovascular events, ESRD, or mortality in this cohort over a 9-year follow-up period. Because data on proteinuria were not available, these findings may not be extrapolated to proteinuric CKD.
Amlodipine versus Chlorthalidone
Lisinopril HR, hazard ratio; 95% CI, 95% confidence interval; eGFR, estimated GFR; MI, myocardial infarction; CHD, coronary heart disease; CVD, cardiovascular disease.
